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TheSpaceInterferometerMission
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ABSTRACT

Wepresentthebasicelementsandfirstresultsof anend-to-endsimulationpackagewhosepurposeist otestthevalidity
oftheSpaceInterferometerMissiondesign. Thefu ndamentalsimulationtimestepisonemillisecond, withsubstructure
at1/8ms,andthetotaldurationofthesimulation isfiveyears. Theendproductofagiven“wide-a ngle”astrometryrun
isanestimatedgridstarcatalogovertheentires kywithanaccuracyofabout4micro-arcseconds.

SIMsimisdividedintofiveseparatemodulesthatc ommunicateviadatapipes. Thefirstgeneratesthe 'truth'dataonthe
spacecraft structure and laser metrology.  The seco nd module generates uncorrupted fringes for the thr ee SIM
interferometers, basedon thecurrent spacecraftor ientation, target stars'positions,etc. The third module readsout the
CCDwhitelightfringedataatspecifiedtimes,cor ruptingthatandthemetrologydatawithappropriat eerrors. Thedata
stream out of thismodule represents the basic data  stream on the simulated spacecraft.  The fourthmo dule performs
fringe-fitting tasks on this data, recovering the t otal path delay, and the fifth and final module inv erts the entire
metrology/delay dataset to ultimately determine the  instantaneous path delay on a fiducial baseline fi xed in space.
(Pathlengthfeedforwardisusedeveryfewmillisec ondstore-positiontheinterferometertokeepthe fringesinthedelay
window.) Theaverageofallsuchdelaysoveranin tegrationtime(typically30s)isreportedasone ofseveralhundred
thousandmeasuredstellardelaysoverthefive-year period,whicharetheninvertedtoproducethesim ulatedcatalog.

Futureplans include taking into accountmore sourc esof error from theSIMerrorbudget and including narrowangle
observationsintheobservingplan.
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1.INTRODUCTION

InorderfortheSpaceInterferometerMissiontoac hieveitssciencegoals,itmustbeabletomeasure astrometricdelays
onthesciencebaselinetopicometeraccuracyover anobservationtime(typically30secondsona12 thmagnitudestar).
Duringthattimethespacecraftwillundergoquite abitofinternalandexternalmotiononlengthsca lesthatareordersof
magnitude larger than the required delay tolerances .  In order that the data can be coherently average d over an
observation time, all suchmotionsmust be tracked,  and compensated for, using lasermetrology and gui de star delay
measurementsontheguidebaselines.

Will the system work and obtain the science as adve rtised?  This question really has two parts.  The f irst question
concernstheperformanceofthesystemcomponents, andhasbeendiscussedinseveralpapersearlierin thismeeting 1-8.
Thesecondquestionconcernshowwellthesystemwi llwork,giventhatallthepartsworkasdesigned. Thispaperdeals
with this latterquestion.  It shouldbenoted that SIMsim is a “medium” fidelity simulationof themi ssion. That is, it
takes into accounton-board systemsand their inter mediatedataproducts, real-timeprocessing,andsh ort time-scale (1
ms)phenomena. In this regard, it has a higher fide lity than, say, the currentwide-angle simulations beingdoneby the
SIMscienceplanners 9,andthereforecanbeusedtoverifykeyassumptio nsoftheerrorbudget. However,SIMsimdoes
notattempttosimulatethedetailedphysicsoneve rylevel. Forexample,itdoesnotperformdiffrac tionanalysisofthe
individualoptical components, nordoes it evendo ray tracingof the fundamental ray.  Instead, it in corporates into its
frameworksimplifiedrepresentationsofresults fromsuch“high”fidelitysimulations,whicha reperformedbyother
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members of the engineering team.  In this way, SIMs im can address issues of astrometric accuracy and a chieve a
reasonabledegreeof fidelitywhile still addressin g theglobal, 5-yearproblem.  SIMsimshouldbevie wedasonlyone
simulationcomponentinasuiteoftoolsnecessary forunderstandingtheSpaceInterferometerMission.

TheprimarygoalsofSIMsimaretoverifythatSIM willmeetitssciencegoals,bothwide-angleandna rrow-angle,ifthe
instrumentperformsas specified.  It isnotusedt odesignindividualcomponents.  Inaddition, it is hopedthatSIMsim
will be helpful in determining downlink telemetry r equirements, in defining which data processing algo rithms are
implementedonboardandwhichareperformedonthe ground,andininvestigatingdifferentcalibration scenarios.

2.SIMsimDetails:AReviewofHowSIMWorks

The basic astronomicalmeasurement of SIM is the av erage delay on a “fiducial” science baseline over a n integration
period. Sciencedelaymeasurementsaremadeonat imescalelongenoughtoobtainreasonablesignalo verthereadout
and photon noises, but short enough so that spacecr aft motions do not smear the fringes to the point o f being
undetectable. Theprocess is then repeatedmany ti mesover theentire integrationperiodand the resu ltsaveraged toa
singlereporteddelaymeasurement.

Figure1.Schematicdiagramofanopticalinterfer ometerwithfeed-forward

Figure 1 shows a schematic of a standard optical in terferometer.  A position of the target star that i s not exactly
perpendiculartothebaselinewillgenerateageome tricdelaybetweenthetwotelescopesoftheinterf erometer. Inorder
tomeasure thisdelay,oneof the lightpaths isar tificiallydelayedby internal“delaylines”andth eninterferedwiththe
other(non-delayed)opticalpath. Ingeneral,the positioningofthedelaylineswillnotbeperfect, sotherewillbesome
residual delay that can be measured by the interfer ence pattern that is generated.  The sum of these t wo delays
(internally-measuredandwhite-light-determined)gi ves thebestapproximation to the trueexternal int erferometerdelay
that we wish to measure.  For the two SIM guide int erferometers, this process should take about one mi llisecond,
assuming thatbright,7 th magnitude,guidestarsareused. For theSIMscie nce interferometer, itwill takeconsiderably
longertodeterminethetotalpathdelay,becauset hetargetispotentiallymuchfainter( e.g.,12 thmagnitude).

Betweeneachmilliseconddeterminationof theguide delays, thespacecraftwillundergoavarietyofm otions(rotation,
bending, vibration), which will alter the external path delay.  Very quickly, in just a fewmillisecon ds, the principle
interferometerfringecandriftoutofthedelaywi ndow;itthereforewouldbeimpossibletodetermin etheresidualwhite
light delay unless the delay lineswere appropriate lymoved to compensate for the change in externald elaydue to the
spacecraftmotion. Theuseoftheguideinformatio ntore-positionboththeguideandscienceinterfe rometerdelaylines
is called pathlength “feed-forward”.  This is essen tially a feedback process, but the feedback informa tion is used at a
future time (1 millisecond later).  Themost import ant result of the feed-forward system is that it ma intains the faint
fringesonthesciencebaselinesotheycanbecohe rentlyintegratedformanymilliseconds---longen oughforthefringes
tobedominatedbyphotonnoiseratherthanreadout noise.

Figure2.BlockdiagramofSIMsimmodulesanddata flow

The purpose of SIMsim is to simulate this process i n some detail, taking into account spacecraft motio ns, photon
countingandfringedetection,lasermetrologyerro rsandbiases,calibrationerrors,andfeed-forward issues. Theeffects
of these errorson theglobalastrometricaccuracy thencanbeevaluated. Figure2 showsablockdiag ramofSIMsim,
depicting each of the six modules as circular ballo ons and the data products, intermediate and final, with rectangles.
Generally,SIMsimcanbeviewedasadatapipe,and fiveofthesesixprogramsarerunsimultaneously inthatfashion.
Note, however, the feed-forward link, in which info rmation is passed back to the place where the delay  lines are
positionedandusedinthenexttimestep. Afull 5-year,1kHzSIMsimrunprocessesover400,00030- secondgridstar
observations. Thisgeneratesmore than10 10  one-milliseconddatasets,eachofwhich isanalyze dandusedin thefeed-
forwardprocess. Adatasetanalysisinvolvessolvi ngsixleast-squaresproblems(obtainingwhiteligh tphases,spacecraft
structurefromlasermetrology,andspacecraftorie ntationininertialspace). Over200TBofdatapa ssthroughthepipes
inFigure2,anda5-yearmissiontakesabout2wee kstosimulateona14-processor,400MHzSunEnter prise6000.

Beloweachprogramstepisdiscussedinsomedetail .
2.1. Step0:Constructcatalogsandschedules

Thefirststepofthesimulationistogenerateac omplete5-yearscheduleofobservationsoff-line. Thishasbeendoneby
R.SwartzandX.Pan. Positionsofdateareneeded forstar targets,bothscienceandguide,andobse rvationtimesand
durations are generated.  Spacecraft and baseline p ointing vectors also are needed.  Generally the tar gets are not real
starsbutrathersimulatedcatalogstarswhoseposi tionsareknownexactly(the“truth”catalog). Two schedulefilesare
thengenerated---onewiththeexactstarposition sofdateandonegeneratedinthesamemanner,but fromaperturbed
catalog,withpositionerrorsof~0”.02forthegui destarsand0”.1forthe~3000grid(science)star s. Thenecessityfor
both a true and perturbed schedulewill becomeappa rent in thediscussionof theothermodulesbelow. The resulting
global5-yearastrometriccampaignscheduleconsist sofabout27,000“tiles”,eachwithabout15grid starobservations
of30secondseach. Thesetilesformalinkednetw orkaroundtheentiresky,asshowninFigure3. A fullleast-squares
solution, with 5 parameters per star (ecliptic long itude and latitude, proper motion in each, and para llax) and about
400,000delaymeasurementswillbeperformedafter SIMsimfinishestogeneratetheestimatedcatalog. Thedifference
betweenthisandthetruthcatalogwilldeterminet heglobalwide-angleaccuracyofthemission.

Figure3.Wide-angleastrometryobservingstrategy . B isthesamplebaseline
orientation.Shadedregionshowsthecurrenttileb eingobserved.
2.2. Step1:Generatespacecraftstructuraldata( SIMsimGEN)

Steps1through5describethesimulationprocessin gperformedeachmillisecondforeachstardelayme asurement. The
process beginswith the computation by program SIMsimGEN of the true spacecraft structure,without errors, butwith
free-space and vibrational motions imposed.  The cu rrent version of SIMsim still uses the “SIM Classic ” design as
showninFigure4,butwecurrentlyareintheproc essofconvertingtothenewSIMReferenceDesign, whichwillhave
all telescopes near the ends of the spacecraft stru cture and no externalmetrology kite.  Themotions imposed include
random vibrations of the laser-reflecting corner cu bes, with a period of ~1 ms and an amplitude of ~1 nm.  The
spacecraftalsoisrockedineachoftheroll,pitc h,andyawaxessuccessivelywithaperiodof20s andanamplitudeof
~1 arcsecond. Thepurposeof this simple spacecraf tmodel is toproducedramaticchanges in theguide  (andscience)
delays, whichmust be detected by the on-board data  processing, and compensated for, so the thousands ofmeasured
sciencedelayscanbeaveragedtoacommonfiducial baseline.

Figure4.SIMClassicspacecraftstructure,showin gkite,lasermetrologybeams,andimposedrocking motions
Aftergenerationofthespacecraftmodel,exactmea surementsaregeneratedof1)lasermetrologybetwe encornercubes,
including kite-to-siderostats and kite-to-kite, and  2) geometric delays ( dgeometric  = B •.S) on the guide and science
baselines,where B  isthebaselinevectorand  S isthestardirectionunitvector. Thesearepipe dtothenextprogramin
thesequence.
2.3. Step2:GeneratewhitelightCCDdata(SIMsim WHITE)

Theprocessofgenerating the truedataset iscompl etedbyprogram SIMsimWHITE,whichgenerates thephotonfluxes
measuredbyaCCDasthelengthsoftheinterferome terdelaylinesarerapidlychangedtosamplethew hitelightfringes.
Inordertodoso,thelengthoftheinterferometer delaylinemustbesettoavaluecloseto,butno tnecessarilyequalto,
theinterferometergeometricdelay. Initially,thi sdelayoffsetistakentobeavaluetypicalofth eerrorsinthewhitelight
fringe estimation (20-30 nm).  However, after the f irst millisecond, the delay line length is set by t he feed-forward
process,describedmorefullyinsection2.6. Iti sveryimportanttonotethat,ingeneral,thedela ylinelengthsetbythe
feedforwardprocesswillhaveerrorsandbiases.  Theerrorswillresultinapersistentdelayoffset thathopefullywillbe
in the delay window.  The unknown delay bias, howev er, will be very large --- of order several microme ters.   In
practice, the bias will be compensated for by the p rocess of “fringe acquisition”, to make certain the  principle
interference fringe is in the delay window, and the n by maintaining interferometer “lock” throughout t he star
observation.  We simulate this process in the follo wing simple manner.  SIMsimWHITE  assumes that lock has been
established after the firstmillisecond, compares t he true delay line lengthwith the fed-forward valu e, and computes a
single constant delay bias dbias to be used for the entire 30 secondobservation .  The bias is then applied to all future
delaylinesettingstodeterminethetruedelaylin esettingtobeusedby SIMsimWHITE

dline  = dline,fed-forward - dbias      (1)

With this procedure, fringes remain within the dela y window (subject to white light and other random e rrors in the
system),andthedataprocessingprogram( SIMsimDP)remainsunawareofthetruelengthsofthedelay lines.

Once thedelay line lengthhasbeenset,white ligh tfringesaregeneratedbymodifyingitslengthwit hasimulatedPZT
that strokes 820 nm each millisecond.  Eight (8) PZ T positions are read out each millisecond, with the  zero point
centered on the intended delay line length dline  (-410 nm< xPZT < 410nm), and thephotons aregrouped into four ( 4)
wavelengthbins.Theresultingfringesarecompute dfromtherelation

F(λ,x PZT) = F0(λ){1+ V(λ)cos[2 pi( xPZT+( dgeometric – dline))/ λ ]}   (2)

where F  is the true fringephotonflux, λ  and xPZT are thephotonwavelengthandrelativePZToffset,  F0  is theaverage
flux, and V  is the source visibility (as affected by resolutio n, diffraction, scattering, etc.).  These photon fluxes are
combinedwith the inputmetrologymeasurements top roducethefinal truemeasurementfilefor thismil lisecond. This
dataispipedtothenextprogram SIMsimWHPERT.

At this point a word needs to be said about star ma gnitudes and photon fluxes.  X. Pan has looked at t he photon
throughput of the SIM (Classic) optical system and found that a star of about 7 th  magnitude will produce about 960
countsontheCCDeverymillisecondovertheentire SIMbandpass. Dividingthisamongthe4 ×8=32PZT/wavelength
bins,andscalingthistomagnitude7,wehavethe followinggeneralexpressionforthephotonflux F0 foranystar

F0 ( λ) =30.0 × 10 (m -7)/2.5       (3)

where   m  isthestellarmagnitude. Forsimplicitywehave madetheassumptionthatstellarspectraltypeis thesamefor
allstars---areasonableassumptionforgridstar s,whichallwillbeK-typegiants. Furtherstudie softheSIMbandpass
byX.Panhaveshownthat,ifthestandardphotomet ricred(“ R”)magnitudeisusedfor  m,thenexpression(3)isnearly
independentof stellar spectral type (although,of course,onlyatawavelength λ ~700nm). Wethereforeconsiderall
magnitudesusedinSIMsimtobe R magnitudes.

2.4. Step3:Corruptalldatawithrandomerrors( SIMsimWHPERT)

All errors are added at this step.  The true star p ositions are replaced with ones from the perturbed catalog.  Laser
metrologymeasurementsarecorruptedwithrandomer rors(~1.3nm),fixedbiases(~3 µm),anderrorsthatcontinueto
random walk away from their initial zero value (~80 0 pm in 5 hours, or ~1.7 nm per day).  Delay line m etrology
measurements also are corruptedwith similar errors , plus field-dependent calibration errors are added  aswell.  These
resultbecausedelaylinetrackswillnotbelinear atthepicometerleveloverthemorethan  ± 1moftravelnecessaryto
coverthe15degreefieldofregardofthescience baseline. Specificationofthiscalibrationerror functioniscurrentlyan
activefieldofstudy. Weusedtwosimpleexamples : arandomfunctionofpositionandasystematic, cubicfunctionof
angulardistance from the centerof the fieldof re gard. Errors are also added to thedeterminationo f the rollpointing
vector (~0.04arcseconds).The rollpointingdirect ionwillbeestimated fromsiderostatandbeamcomp ressorgimbals,
andwill be instrumental in determining the third s pacecraftEuler angle (the other twobeing determin ed by the guide
interferometers).  Finally, the white light fringes  are truncated to whole photon counts and corrupted  with pseudo-
Poisson noise ( √N).  Photon readout is alsoperformed in SIMsimWHPERT. Guide interferometers are readout every
millisecond,whilethescienceinterferometerisre adoutonlyafter30ormorephotonsarecollected perwavelength/PZT
bin.Readoutnoiseis ± 3counts.Figure5showsexamplefringedataint hefourchosenwavelengthbins.Theoutputof
SIMsimWHPERTrepresentstheoutputdatastreamontheSIMspace craft.

Figure5.Samplesimulatedwhitelightfringedata
2.5. Step4:Fitfringesanddelayoffsetstowhit elightCCDdata(SIMsimFRING)

Thenexttwoprogrammodulesprocessthesimulated SIMdatainordertoultimatelydetermine1)thebe stpositionfor
the delay lines at the next time step and 2) the co rrection to the measured science delay needed to re ference it to a
fiducial baseline fixed in space.  The first is per formed each time the guide interferometers are read  out (every
millisecond)whilethesecondisdoneonlywhenthe scienceinterferometerisreadout(roughlyevery 100milliseconds).
Thefirststepineachoftheseistoreducethewh itelightdatafromeachinterferometertoasingle estimatedfringedelay
offset. Thisoffsetwillbeaddedtothedelaylin elengthdeterminedbythelasermetrologytocompu teatotalestimated
pathdelay.

Theprocessofestimatingthefringedelayisperfo rmedby SIMsimFRING. Afringemodelsimilartothatemployedto
generatethefringes(equation2)isusedtofilter aleast-squaressolutionforparameters F0, V,andthephaseoffset φfor
thefourwavelengthbins

F(λ,x PZT) = F0(λ){1+ V(λ)cos[ k(λ) xPZT + φ(λ) ]}    (4)
where k(λ)=2 pi / λ. (InthissimulationthePZTpositionsandeffect ivewavelengths[or k’s]ofthebinsareassumedto
beknown. Ingeneral,however,thesewillneedto besolvedfor,andmonitored. Techniquesforfring eestimationwith
realinterferometersandrealdataarebeingdevelo pedfortheSIMMicro-ArcsecondMetrology[MAM]tes tbed.Amore
sophisticatedfringemodelthenwillbeincorporate dintoSIMsimwhentheMAMtaskiscompleted.) Whe nthephoton
countineachbinislow,asisthecasehere,afr ingephasebiasisintroduced. MilmanandBasinger 11 havedevelopeda
correctionforthisbias,whichweapplytoourpha sesolutionsbeforecomputingthefringedelay.

Theresidualfringedelay δd  isestimatedin SIMsimFRING usingthephasedelaytechnique,whichisconsider ablymore
accuratethanthegroupdelaytechniquewhenthede layoffsetislessthan¼wavelength 10

δdwhite_light = ∂φfringe / ∂ k= Σi  k i  φi / Σ k i  2     (5)

where the index  i  runs over the fourwavelength bins.  In the case of the guide interferometers, this residual delay
simply is added to the instantaneousmeasured delay  line length to obtain the total reported delay.  I n the case of the
science baseline, it is added to the laser-metrolog y-measured delay line length averaged over the readout time . The
outputdatastreamnowhasa format identical to th atoutputby SIMsimGEN,butwithall random,bias,andwhitelight
errorsnowincluded.
2.6. Step5:Solveforspacecraftstructure&orie ntation,delayfeed-forward,anddelayregularizati on
(SIMsimDP)
Processingof themetrologydata is themostCPU-in tensivestepandisdividedinto threeparts: 1)c omputationof the
expectedfuturedelayonthesciencebaseline,2)f ilteringofhigh-frequencynoisefromthatdelayan dfeedingthatresult
forwardto SIMsimWHITE  tore-positionthedelayline,and3)computation ofaregularizedsciencedelayonacommon
fiducialbaseline,averagedoverthe~30secondint egrationtime.Allofthesearedoneby SIMsimDP.
2.6.1. Step5.1:Computeexpectedsciencedelayfr omspacecraftstructure

Computing the expected sciencedelayeachmilliseco nd involves two sub-steps. First, thespacecraft i nternal structure
(positions of corner cube fiducials) is estimated i n the spacecraft reference frame from the lasermet rology.  For SIM
Classic thereare38 lasermetrologymeasurementsa nd6geometricconstraintson thecoordinates. The 36parameters
estimatedarethethreecoordinatesofthe12fiduc ials(4kite,7siderostats,andonerollfiducial) . Wefindthat,despite
the µm-levelbias,thereisenoughgeometricstrengthin thelasermetrologytoobtainauniquesolutionto thisproblem,
with the metrology triangles closing to within the nanometer measurement error.  Once the on-board str ucture is
determined, its orientation in inertial space is de termined from the guide interferometers and roll es timator.  This
problem has four constraints (two guide delays, one  roll angle, and the length of the roll estimator, determined by
metrology) and three unknowns (the three Euler angl es).  The resulting instantaneous knowledge of the inertial
orientation of the science baseline, plus an a priori  knowledge of the position of the target science st ar, then give an
estimateoftheexpectedsciencedelayeverymillis econd
dexpected = Bcomputed • Scatalog      (6)

Notethatthisis notameasuredsciencedelay.  It involvesneitherthe sciencedelaylinelengthnortheestimatedfringe
delay (which is determined only every~100ms), but  it is the best estimateof the sciencedelay that wehaveuntil an
actualvaluecanbemeasured.
2.6.2. Step5.2:Filterexpectedsciencedelayand feeditforwardtore-positionthedelayline

The above estimated science delays contain a signif icant amount of random noise,whichwe filter out u sing a simple
averagingscheme. We find thataveraging timesof order10(+6,-2)msworkwell,alongwitha linear predictor. The
sciencedelayatthenexttimestep,then,isgiven by

dpred (t)=<d expected>t1 +(t–t1)[<d expected> t2 -<d expected> t1] /(t2–t1)   (7)

where t2– t1  ~ 10msandanglebrackets<>denote timeaveragin g.  dpred  is thenpipedback to SIMsimWHITE  every
millisecondtore-positionthedelayline(seeFigu re2),andthepredictorisre-initializedevery~1 0ms. Thisprocessis
continued for the full~100ms science readout time , at the endofwhichan actual science fringedela y is determined.
Figure6plotstheresidualdelay δdwhite_light,determinedevery100ms,asafunctionoftimefo ratypicalstarobservation.
The plot shows the effectiveness of the feed-forwar d system.  Despite a variety of spacecraftmotions and errors, the
delays remain within ~40 nm (about 0.05 wavelength)  of the center of the center of the delay window.  (The time-
dependentstructureseenisduetonon-linearspace craftmotionthatisnothandledbythelinearpred ictorinequation7.
Note that thepresentfeed-forwardalgorithmresult sinadelaylinethatissetconsistently~20nmt ooshort,soabetter
algorithmthereforemaybepossible.) Thetotalme asuredsciencedelay,determinedevery~100ms,is foundbyadding
theseresidualdelaystothelengthofthedelayli ne,determinedbylasermetrology.


Figure6.Measuredresidualsciencedelay vs.timeforanentirestarintegrationperiod
2.6.3. Step5.3:Computeregularizedsciencedelay andaverageovertheintegrationperiod

The totalmeasureddelaysfromStep5.2haveacons iderableamountofstructureinthem,duemainlyto thespacecraft
motion. InthecurrentSIMsimsimulations,forexa mple,theyvarybyupto70 µmoverthe30seconds!However,most
ofthisstructurecanbeeliminatedbyreferencing eachmeasureddelaytoacommonfiducialbaseline B reg thatisfixedin
inertial space. The choiceof the regularizingbas eline is somewhat arbitrary, as theglobalgrid sol utionwill re-fit for
newbaselineparametersandforaconstanttilepos itionshift.  Breg canbetheaveragebaselineovertheintegrationt ime,
which can be determined only after the fact, or it can be the initial orientation of the baseline.  Fo rmally, the error
introduced by the regularization process ( δB  • δS) can be no more than about a microarcsecond, which  restricts
excursionsin B toafewhundred µmforsciencestarswithpositionerrorsoforder0 ”.1.Herewehavechosen Bregtobe
the baseline initially specified in the observing s chedule for the current tile.  The instantaneous re gularized delay is
computedusingthefollowingequation

dreg(t)=d measured  + <( Breg– Bcomputed) • Scatalog >readout    

=<d line>readout + δdwhite_light + Breg • Scatalog -< dexpected>readout             (8)

Thefinal,singleregularizeddelaytobereported forthissinglestarobservationis

dreg  = < d reg(t) >integration               (9)

averagednow,notoverthereadouttime,butovert heentireintegrationtime.Figure7showsaplot ofthethreehundred
dreg(t) (minus a constant value) every 100 ms for the same  30 second star observation depicted in Figure 6.  The
regularized delays are now quite stable,with anRM Sof only 6 nm.  When averaged, dreg   has an uncertainty in the
meanofonly6nm/ √300=350pm,orabout7 µasona10mbaseline. This iswellwithin theSIM wideangleerror
budget,butitshouldbenotedthatwehavenotyet simulatedalltheerrorsourcesexpectedintheSI Mspacecraft.

Thiscompletestheprocessingofonestarobservati on. Thesimulationthencontinues,beginningagain withanewtarget
sciencestaranddevelopinganewregularizeddelay forit.Afteratileofabout15starsiscomplet ed,anewtileisbegun
andcompleteduntilall27,000tileshavebeenobse rvedoverthe5yearperiod,withatotalruntime ofabout2weekson
amodestparallelenterpriseserver. Thisresults inabout400,000stellardelaysreportedforthe30 00gridstars. These
areplacedina“delaymeasurementfile”andpassed totheglobalwide-angleastrometricfittingprogr am.

Figure7.Finalregularizeddelays,minusaconsta ntvalue
2.7. Step6:Performaglobalsolutionfortheest imatedcatalog(GridFit)

The global astrometric least squares solution is pe rformedoff-line from themainSIMsim run, and is d iscussed byR.
Swartzmorefullyelsewhere 9.  It takesapproximatelyanother8hoursona4-pr ocessorenterpriseserver. The400,000
delaysareusedtoestimate~15,000stellarparamet ersinthecatalogandthencomparedtotheorigina ltruecatalog. For
the simulationsdescribedhere,we finda cataloge rrorof~1.7 µas in rightascensionanddeclination,withcompati ble
errorsinpropermotionandparallax,forthecase wherethereisnosystematiccalibrationerrorint hedelaylines.

3.SimpleSIMsim(SimSIMsim):AFast5-yearGrid Simulator

While the full versionofSIMsimcanbeused forgl obalgrid simulations,a two-week turnaround time f or resultsofa
single run is still quite excessive. The1kHzver sion, therefore,hasbeenusedprimarily for short- termsimulationsor
onesinvolvingconsiderablyfewerthan27,000tiles ,includingnarrow-angleastrometry,wherethe4 µasgridisassumed
toalreadyexist.Clearlysomethingfasteryetis neededforperformingparameterstudiesof5-yearg ridcampaigns.

TheprincipalreasonforSIMsim’slongruntimeis theshort,1millisecondtimestep,andtheprincip alreasonforthatis
theneed to formandanalyzewhite light fringesat everystep.  Ifonecouldapproximate theentirew hite lightprocess
withoneortwosimplerandomerrors,onecould1) eliminateallthephotonandfringefittingcomputa tions(afactorof2
in speed improvement) and 2) increase the time step  by a factor of 10 or 100, and correspondingly redu ce all errors
appliedbythesquarerootofthatfactor(another factorof10-100improvementinspeed).Aftercare fulanalysisofmany
differentstarandtileobservations,wehavebeen abletodojustthat. Wehavefoundthatthemain effectofwhitelight
andfeed-forwardprocessesinSIMsimistoaddasi nglerandomerrortothedelaylinemetrologyof

σwhite_light =4.8 × 10 (m-7)/5.0   ( τdata /1ms) -1/2 nm    (10)

where  m   is thestarmagnitudeand τdata  is thedesiredoutput timestep. Forexample,wit ha timestepof10ms(100
Hz),insteadofthefull1kHzrate, σwhite_light=1.5nmfora7 thmagnitudeguidestarand15nmfora12 th magnitudegrid
star. Wethereforehavecreatedasimpleversiono fSIMsim(SimSIMsim),showninFigure8,whichrepl acesthewhite
light steps with this single error, replaces SIMsimWHPERT with a simpler SIMsimPERT, and eliminates the feed-
forwardloop. Thisreduces therun timeofagloba l5-yearsimulationto3daysorlessonasinglep rocessor,allowing
simultaneousmulti-parametergridstudiesonapara llelmachine. Note thatonly theapplicationofer rorsischangedin
SimSIMsim.Theschedule,generationofdata,proce ssingofdata,andglobalcatalogsolutionareall thesame.

Figure8.BlockdiagramofSimSIMsimmodulesandd ataflow

Thereare,ofcourse,manyproblemsforwhichthef ullSIMsimversionmustbeused. Theseallareone s inwhichthe
roleofkilohertzeffectsonthespacecraftarecru cial. Thisincludeslow-levelwhitelightbiases( seebelow),dynamical
effects, and narrow-angle observations,which are c ritically affected by randomwalk of the lasermetr ology and other
shorttimescaleeffects. Theotherdifficultywit hSimSIMsimconcernsthe~3 µmmetrologybiasassociatedwiththe a
priori uncertainty in our knowledge of the fiducial corne r cube positions.  Each inversion of the laser metr ology
producesasolutionfor theirpositions that isacc urate tothenanometerlevel. Over30seconds,the se30,000solutions
average down to the five-picometer level.  However,  if the time step is increased to 10 or 100 ms, the  number of
metrology solutions averaged is reduced by this fac tor as well, increasing the effective metrology err or on the
regularizeddelaybyafactorof3to10. Theeffe ctsofthiscanbeminimizedbyusinga10mstime stepandbyusing
thefull1kHzSIMsimforanynarrow-anglestudies.
4.SampleSIMsimandSimSIMsimStudies
4.1. SIMsimstudiesofbiasesinthewhitelightph asedelayandvisibility

When the photon flux F0 is low (<~100countsper channelperPZTstep), t he least squares solution forphase φ and
visibility V  in equation (4) do not average to the true solutio n for an infinite number of samples.  They are bias ed.
Milman & Basinger 11 and Catanzarite & Milman 12 have developed second-order corrections for these biases that
eliminate the effect for reasonable delay offsets a nd photon fluxes.  (For very low photon levels, or very large delay
offsets, uncorrected fourth-order effects cause the  biases to remain.) We have usedSIMsim to test th ese corrections.
Thisinvolvesobservationsofasinglestar,ortil eofstars,inwhichthedelayoffsetisfixed,rat herthanadjustedbythe
feed-forwardprocess,whitelightgeneratedandpro cessedtoaderivedphasedelayoffset,andthendi fferencedwiththe
actualoffsetapplied to thedelay line todetermin eadelaybiaserror. Similarly,thefringevisibi litiesderivedfromthe
least squares solution are differenced with the tru e visibilities used to generate the original fringe s to determine a
visibilitybiaserror. Figure9showstheresults of these twostudies. Dashedlinesshowtheuncorr ected,biasederrors
and solid lines show the residual errors after corr ecting for the bias.  The error bars are statistica luncertainties in the
large number of samples averaged to produce these c urves.  The results show that the corrections gener ate unbiased
resultswithintheerrorsovertherange| δd |<80nmbothfora7 th magnitudeguidestar,readouteverymillisecond, and
a12 thmagnitudescience(grid)star,readoutevery100 milliseconds. Thedelayoffsetsthatgenerallyocc urinSIMsim
simulations(seeFigure6)arewellwithin thisran ge,sotheMilman-BasingerandCatanzarite-Milmanc orrectionshave
beenincorporatedintoSIMsimasstandardstepsin theprocessing.

Figure9.Delayandvisibilitybiaserrorsbefore andaftertheMilman-BasingerandCatanzarite-Milma ncorrections
asafunctionoftheinputresidualdelay
4.2. SimSIMsimstudiesofuncalibrateddelaylinee rrors

WehaveusedbothSIMsimandSimSIMsimtostudythe effectsoffield-of-regard-dependent,uncalibrated delayerrors.
Twodifferentfunctionalformsofthiserrorhaveb eeninvestigated:

σcubic  = σuncalibrated_delay [ δφaz3 + δθel3 ]     (11a)

σrandom = σuncalibrated_delay  rand( δφaz, δθel)      (11b)

where δφazand δθelareoffsetsinsiderostatazimuthandelevationfr omthecenterofthefieldofregard(see,e.g.,Fi gure
3)and σuncalibrated_delay  isaconstantrepresentingthe leveloferror. Fi gure10showsthederivedastrometricerrorofthe
globalcatalog of3000stars  forstandardmetrolo gyandwhitelighterrors andfordifferent uncal ibrateddelayerrors
(0,0.15,1.5,and15nm). Mostof the runsusedS imSIMsim,withoneof the1.5nmrunsusing the ful lSIMsimasa
check.  The results show that 1) large values of th e uncalibrated error can dominate, 2) the basic lev el of the error is
muchmoreimportantthanitsfunctionalform,and 3)thefinalcatalogerrorcanbeapproximatedby

σcatalog =1.7(1+[ σuncalibrated_delay /450pm] 2 ) 1/2  µas   (12)

if theserunsaccountforalloftheerrorsintheSI Mglobalastrometricmission. Accordingtoequatio n(12),inorderto
meet the SIM goal of 4 µas global astrometry, the total uncalibrated error (field-dependent and otherwise) can be no
more than960pm. Current estimatesof σuncalibrated_delay areoforder150-200pm, leaving roomin theerror budget for
othertermsnotyettakenintoaccountbySIMsim.
Figure10.Globalastrometriccatalogerrorvs.un calibrateddelayerrorfordifferentfunctionalfor ms.
Thedottedlineisasimple“root-sum-squared”appr oximationtotheresults.
5.ConclusionsandFutureStudiesandEnhancements

SIMsim has been shown to be an effective tool in ve rifying the capabilities of the Space Interferomete r Mission.
However, many improvements will be needed, and many  more studies performed, before the task can be dec lared
complete. Themostimportantmodificationwillbe toconvertSIMsimfromtheClassicdesigntothecu rrentReference
Design. Thiswillbenecessary toperformperhaps SIMsim’smostimportantstudy,narrow-angleastrome try. Narrow-
angle sciencewill be affected by detailed calibrat ion errors, randommetrologywalk, and the details of theReference
Design, includingplacementof thesiderostats, the rollestimator,andtheguidestarchoices. Addit ionalimprovements
to SIMsim will include better spacecraft modeling, better PZTmodeling, addingmore important error bu dget terms,
further improvements in speed,andoperationona t ruesupercomputer in themulti-gigaflop range. Fut urestudieswill
include determining downlink telemetry bandwidth re quirements, definingwhich algorithmswill be used for on-board
dataprocessingandwhichcanbeexecutedonthegr ound,andbetterunderstandingoffield-dependentc alibrationissues.
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